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RESISTANCE OF SELECTED REFRACTORIES TO MINERAL WASTE MELTS

By Timothy A. Clancy'

ABSTRACT

In support of research on forming ceramics from mining and processing
wastes, the Bureau of Mines tested various commercial refractories to
evaluate their resistance to melts of these wastes. Sixteen refractor—
ies of various types were exposed in slag erosion tests to twc siliceous
waste melts with SiOz/CaO ratios of 4.0 and 2.2. The extent and nature
of slag attack were then determined for each refractory. The nature of
slag attack was investigated through scanning electron micrographs and
microprobe elemental distributions, The refractories that performed
best in resisting attack by the melts were high-alumina types, and of
the refractories tested, the most resistant was a 90-pct-Al,05, 10-pct-
Cr,05 refractory.

1Supervisory ceramic engineer, Tuscaloosa Research Center, Bureau of Mines, Uni-
versity, AL,



INTRODUCTION

The Bureau of Mines recently completed
a study to determine the feasibility of
producing ceramic products wusing mining
and processing wastes found in the United
States. Wastes considered as starting
materials included slate mining waste,
copper mine tailings, and serpentine
fines. The results of the study indi-
cated that by making additions to these
waste materials and by melting them at
temperatures of 1,450° to 1,550° C, both
glass and glass-ceramic products could be
formed Ql).2

To support this previous research,
evaluation of commercial refractories
that could be used for containing the
mineral waste melts was needed. The
Bureau had earlier evaluated refractories
for wuse with mineral wool melts (2) and
coal ash slags (3-4). There have also
been many other —fﬁvestigations directed
at evaluating refractories in contact
with various types of melts or slags.
Gilbert (5) determined the slag resist-
ance of refractories to commercial glass
and steel slag compositions at 1,540° to
1,700° C and Snajdr (6) and Kennedy (7)

evaluated a series of refractories for
lining slagging coal gasifiers. Test
results obtained in these and simi-

lar investigations have generally shown
that alumina—-containing refractories re-
sist acidic slags best, while magnesia-
containing types resist basic slags best.
In all cases, refractories with low por-

osity performed best.

In commercial glass-melting furnaces,
which must be built of refractories cap-
able of continuous operation for years,
the most widely used refractories are
high-alumina types, either sintered or
fused; high-chromia types, normally
fused; zirconia-containing types, also
normally fused; and in some cases, tin
oxide—containing varieties.

The purpose of this investigation was
to evaluate the relative resistance of a
group of selected commercial refractories
to highly siliceous melts of mining and
processing wastes and to obtain informa-
tion concerning the mechanism of the slag
attack. This report presents the results
of the evaluation.

TEST MATERIALS

SLAGS
The wastes used to form molten slags
for evaluating the refractories were
slate and marble mining waste and copper
mine tailings. These materials were mod-
ified slightly by the addition of silica,
dolomite, or sodium carbonate to produce

slag meits with the analyses shown in
table 1.
REFRACTORIES
The commercial refractories tested in
this investigation can be generally

classified in two ways, as sintered or
fused-grain rebonded and as high-alumina
or basic types. The refractories were

selected based on results obtained in
earlier Bureau studies (2-4) and outside
reports (5-7). The chemical composi-
tions, physical properties, and miner-
alogies of the 16 refractories evaluated
are shown in table 2. The refractories
were sintered or rebonded fused-grain
products with the exception of refractory
A-3. which was a chemically bonded
product.

TABLE 1, — Partial chemical analyses of
waste melts, weight percent

2Underlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

Constituent $i0,/Ca0 $i0,/Ca0
ratio of 4.0 | ratio of 2.2
$i0jec0csvccs 63.7 48.6
Al,0z00c00ens 6.7 8.0
Ca0svasasases 15.9 22.0
Na,0eeconnnns 10.4 o7
MgOsiwonsooas .3 10.0
Fe,05c000000e 2.9 i 2.8




TABLE 2. - Refractory properties!

Refractory Bulk Apparent MOR, 4 Approximate
type density,| porosity, 1b/in? chemical composition, Miner=logy
and sample | 1b/ft3 pct wt pct
Alumina:
A-lseves 158.7 13.3 2,300-3,300 | 58.0 Al,05, 38 Si0,, Mullite.
244 Ti0y,
A=200000 170.5 20.6 1,000-1,600 | 79.0 Al,05, 15.9 Si0,,|Alpha Al,04,
3.0 Ti0,. mullite.
A=3esane 180.1 1742 1,800-2,600 | 82.3 Al,05, 8.3 5i0,, |Alpha Al,05.
55 P,0s5,
A~besiens 186.2 14.1 3,600 | 90.0 A1,05, 10.0 SiO,. Do.
A-540cse 182.3 19.5 1,000-1,400 | 88.5 Al,05, 11.0 Si0,. Do.
A=Beaves 172.5 12.4 3,200-4,200 | 89.5 Al,05, 9.5 Cr,05. Do.
A~Tvvese 1956 16.4 4,000 | 99.7 Al,05, 0.1 Si0,.. Do.
Basic:
B=1ssnmas 180.4 16.8 2,000-2,700 | 97.9 Mg0O, 0.8 Si0,, Periclase,
0.6 CaO
B=2¢000s 184.4 14,2 2,800-3,800 | 92.6 Mg0O, 4.4 Si0,, Do.
1.7 CaO
B=3eseee 187.5 16.5 600- 900 | 62.0 Mg0, 16.0 Cr,0-. |Periclase, spirel,
12.0 Al,04
B=4e00ne 200.0 25.1 900-1,500 | 39.0 MgO, 25.0 Cr,04, Do.
21.0 Al,04
Fused:
F-lecoso 183.8 21.3 2,500 | 92.0 Al,05, 7.0 Si0,..|Alpha Al,05.
F=2eesus 199.3 17.2 4,000 | 99.6 Al,05, 0.1 Si0,, Do.
0.1 Fe,04
F-3eecns 211.1 1i.4 4,000-5,000 | 55.0 Mg0O, 20.0 Cr,05, |Periclase, spinel.
11.0 FeO, 8.0 A1203-
F-beaeve 185.6 19.1 6,800 | 57.4 Al,05, 28.5 Zr0O,,|Alpha Al,05, mono-
12.9 S5i0,. clinic Zr0,.
FmDe anes 188.1 23.9 5,600 | 48.7 Al,0s, 24.3 Zr0,,|Al1,05~Cr,05 (solid
15.0 Cr,05. solution), mono-
clinic ZrO,.

IMeasured by Bureau of
Z2Modulus of rupture at room temperature.
The refractories are grouped in table 2
as alumina, basic, and fused types. The
alumina types contained from 58.0 to 99.7
wt pct Al,0; and consisted primarily of
mullite and/or alpha alumina. The basic
bricks contained from 39.0 to 97.9 wt pect
MgO and consisted of periclase or peri-
clase with a spinel phase. The fused-
grain refractories were two high—alumina

Mines except for MOR, which is from supplier data.

bricks (consisting of alpha alumina), a
zirconia—-alumina~silica brick (consisting
of alpha alumina and monoclinic Z2r0,), a
zirconia~alumina-chrome brick (consisting
of an Al,05-Cr,0; solid solution and mon-
oclinic Zr0,), and magnesium—chrome brick
(consisting of periclase and a spinel
phase).



EXPERTMENTAL PROCEDURE

SLAG EROSION TESTS

Rotary slag tests were used to deter-—
mine the resistance of the refractories
to slag erosion. The general procedure
for rotary slag testing has been previ-
ously described (5, 8) and 1is schematic-
ally illustrated in figure 1. Figure 2
shows the test apparatus used, and fig-
ure 3 shows how the samples were arvanged
for testing, Following assembly of 19
samples 1in the test drum, the drum was
placed onto the drive system and rotated
at 6 rpm.

Slag feed was supplied to the rotating
drum in the form of extruded pellets that
weighed approximately 200 g each, Once
the drum had reached the desired test
temperature, 400 g of slag feed was in-
troduced at each 10-min interval for the
first hour in order to build up a pool of
molten slag in the drum. For the rest of

run, 200 g of slag was fed to
each 10-min interval. The
drum was maintained at test temperature
by adjusting the flow rates of an oxy-
propane burner with an oxygen-to-propane
ratio of 2.0. The drum temperature was

each test
the drum at

measured with a radiation pyrometer
sighted on the interior refractory face.
At the conclusion of each run, the drum
was emp:cied of molten slag and a sample
of the quenched slag was obtained for
chemical analysis.

Baced on preliminary runs, the test

conditions were selected. All runs were
made at 1,600° C. Test runs 1, 2, 3, and

4 each contained four replicates of four
different refractories and three repli-
cates of sample A-4 (table 2), a 90-

pct-Al,05 refractory used as a reference
standard. These tests were run for 5-h
periods using the slag with a $i0,/Ca0
ratio of 4.0.

Guide rail \ﬂ /—Test drum
: ) i
'
1 Sand \
f ,}\ Cover
[ N
/ N ,
H Test specimen / IngLiation
: / Pyrometer
1 /
1
Rotometers Torch !k \\\ / e
— ~- -
Slag~] e
q dam == — Slag feeder
N | — " Slag pool — ~_ \:
= S "
/
.
Test specimen 1
\ é
Constant-
Propane Oxygen emperatare Sand N 1
bath ;%

i I
W

Rolier

FIGURE 1. - Schematic of rotary slag test apparatus and auxiliary equipment.



FIGURE 2. - Rotary slag test apparatus.




FIGURE 3. - Arrangement of refractory brick samples before placement in test drum.

In runs 5, 6, and 7, direct comparisons
were made between six refractories that
showed superior slag resistance during
the first four runs. Nine bricks of 1
refractory and 10 of the other were eval-
uated in each of these 3 test runs. To
increase the relative degree of erosion
between the refractory samples, these

runs were extended to 8 h each and the
slag with a S§i0,/Ca0 ratio of 2.2 was
used.

REFRACTORY EVALUATION

The bulk density and apparent porosity
of each refractory were determined
according to American Society for Testing
and Materials (ASTM) standard C20-80a.
Values for modulus of rupture (MOR),
thermal conductivity, and chemical com-
position were taken from manufacturer's
data. Refractory mineralogy was deter-
mined by X-ray diffraction, and exit slag

analyses were determined by wet chemical
analysis.

For each refractory brick sample, the
size of the eroded area was determined by

tracing the profile of each of the 9- by
4-1/2-in sides of the sample on paper
both before and after testing and then
cutting out the traced areas. The traced

areas representing the original brick and
the eroded brick were then weighed and
the difference converted and reported as
area loss in square inches. Average area
loss was determined by averaging the
results for all replicate test samples.
The smallest number of test samples in
any test was three, while the largest was
ten. The depth of slag penetration was
determined by directly measuring the
distance of slag penetration at five
locations along the 9-in length of a sam-
ple and averaging these values.



RESULTS AND DISCUSSION

SLAG EROSION TESTS

Areas of brick erosion for the alumina
refractories evaluated during the first
four slag erosion tests are given in fig-
ure 4, and results for the basic brick
are given in figure 5.

Positive values for brick eroded area
{indicating area gain) resulted from the
accumulation of a layer of frozen slag on
the interior face of the test brick at
the end of a test run, After each run,
the test chmaber temperature was in-
creased by 100° to 200° C to further
fluidize the melt; this helped to ensure
clean interior faces after the drum was
tilted vertically and emptied. How-
ever, retention of a slight accumu-
lation of slag on an interior face

All the refractories that demonstrated
the best slag erosion resistance con-
sisted primarily of alumina; i.e., 90 pct
or greater with the exception of re-
fractory F-5, an Al,05-2r0,-Cr,05 fused
type. The 90-pct-Al,05, 10-pct-Cr,04
refractory (A-6) had the best slag
resistance, These results are consistent
with results of previous studies in which

alumina refractories showed good slag
resistance to highly siliceous, acidic
slags. These tests also indicated that
sintered refractories with alumina con--
tents of 90 pct or more performed as
well as fused refractories of similar
chemistry.

The results of the 1last three runs,

which were made to further evaluate re-

fractories that had demonstrated superior
first test

could have resulted in a measurement erosion resistance 1in the
indicating an area gain 1if very little runs, are shown in figure 6. The bricks
erosion of the refractory brick had that eroded least were the Cr,05-
occurred. containing high-alumina refractories.
2.0 Y T vﬂ—r T ¥ T T
c 15} d
- . - o m
' ! i ]
- w < L4 <
n ¥ 5 T
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- U -
g ' ol 8
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o | .
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FIGURE 4. - Area losses for alumina refractories. (Data are labeled by sample number.)
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FIGURE 6, - Area losses for refractories which

showed superior erosion resistance.

Table 3 shows partial chemical analyses
of the slags after the erosion tests.
Comparison of the exit slag analyses for
runs 1, 2, 3, and 4 to the initial waste
melt analyses (table 1) indicates that in
three of the runs the major change in
melt chemistry was an increase 1in the
Al,05/8i0, ratio. In run 3, the major
change in melt chemistry was a large
increase 1in MgO content., This change in
MgO content supports the high erosion
(area) 1losses recorded for the basic
refractories.

TABLE 3. - Partial chemical analyses of
slags after erosion tests

Test Si0,| Al,05|Ca0 |Na,0|MgO |Fe,0+

run!
leeeosen | 57.1116.0 [13.6]6.4 | 3.6| 2.1
2e0000es | 60.4|12,1 |14.0(6.7 2.4 3.3
3ceesess | 48.6|10.8 |10.5|5.7 |17.3| 3.7
beeeness | 55.3|14.0 [12.5|7.8 | 5.0| 3.7
Seseeees | 42.9)23.9 |11.3|7.3 | 8.6| 4.9
Tosesess | 47.8|17.4 |12.1]7.5 8.7| 5.6

: . L

1Slag sample from run 6 was lost.

the refrac-
after test

The appearance of three of
tories (A-6, F-1, and B-3)
runs is shown in figure 7. Refractory
A-6 shows little slag erosion or pene-
tration was extensive. Refractory B-3
shows poor slag resistance, which is evi-
dent from the eroded and rough
refractory-slag interface.

Figure 8 presents the depth of slag
penetration into various refractories as
determined by direct measurement. The
sample that exhibited the greatest pene-

tration depth was F-1, a 92-pct-Al,0,
fused—-grain refractory. While this
refractory exhibited one of the lower
values for erosion loss, its higher

and porosity (21.3
slag to penetrate

thermel conductivity
pct) permitted the
deeper into the brick.,
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FIGURE 8. - Slag penetrationdepths for various
refractories.

FIGURE 7. - Brick samples showing eroded surfaces. (From left to right, samples A-6, F-1,

SCANNING ELECTRON MICROGRAPHS

Scanning electron micrographs were
taken of three samples of slag-refractory
interfaces. The samples selected were
A~6 (90 pct Al,05, 10 pct Cr,05), which
showed excellent slag resistance; F-1 (90
pct Al,0z; fused cast), which showed ex-
cellent slag resistance, but also a high
degree of slag penetration; and B-3 (60
pct MgO), which showed average slag
resistance.

From a comparison of micrographs of
samples A-6 (fig. 9) and F-1 (fig. 10),
it is clear that slag penetration, as
evidenced by Ca diffusion, was less for
sample A-6. The Ca distribution for sam-
ple A-6 was primarily restricted to a
narrow band (about 100 pm) wide) at the
slag interface. This observation is con-
sistent with the erosion data, which
showed that A-6 had the lowest overall
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SEM photograph

Cr distribution

Ca distribution

FIGURE 9. - Scanning electron micrographs of elemental distributions at slag-refractory interface,

sample A-6.
erosion rate of all the refractories.
The limited Ca diffusion and erosion for
sample A-6 can probably be attributed to
the low porosity of the A-6 brick and the
presence of a Cr,05-Al,05 solid-solution
bond phase. The micrograph of refractory
F-] indicates extensive Ca and Si dif-
fusion into the sample. However, this

refractory had good erosion resistance,
as indicated by its average area loss of
0.46 in2, The deep slag penetration into
F-1 was probably a consequence of the
relatively high porosity (21.3 pct) and
high thermal conductivity of this fused-
cast refractory-.



Si distribution

Ca distribution

FIGURE 10. - Scanning electron micrographs of elemenial distributions at slag-refiactory interface

sample F-1.

The micrographs of the basic
refractory-slag interface (fig. 11,
refractory B-3) clearly show that the
extent of Ca diffusion and, thus, slag
penetration was slight, The micrographs
of this chrome—-containing basic refrac-
tory indicate that the periclase grains
dissolved more readily than the chrome
ore grains, which remained as projections

at the refractory-slag interface. The

micrographs also show the existence of
elongated crystals in the frozen slag
layer. The elemental distribution scans
indicated that these crystals were

high in Mg and Ca, and X-ray diffraction
indicated the presence of diopside
(CaO-MgO'ZSiOZ).
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Crdistribution

Cadistribution

FIGURE 11. - Scanning electron micrographs of elemental distributions at slag-refractory interface,

sample B-3.

CONCLUSIONS

Based on the results obtained in tests
to determine the slag erosion resistance
of 16 different refractories to two
highly siliceous melts of mining and pro-
cess waste materials, the following con-
clusions can be made:

l. In general, the refractories that

performed best in resisting erosive
attack by the silicate melts were tnose
with the highest alumina contents (90 to

99 wt pct), including two which also con-
tained Cr,0; additions. A 90-pet-Al,04,

10-pet~Cr,05 refractory had the best slag
resistance properties-

2. Slag resistance generally increased
as alumina content increased.

refractories
yet they

3., Fused-grain rebonded
were deeply penetrated by slag,
had good slag resistance.

the highest
little slag

4. Basic refractories had
rates of slag erosion, but
penetration.
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